Metamagnetic transitions and magnetoelectric responses in a chiral polar
  helimagnet Ni$_2$InSbO$_6$ by Araki, Yusuke et al.
ar
X
iv
:1
91
2.
02
36
3v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 5 
De
c 2
01
9
Metamagnetic transitions and magnetoelectric responses in a
chiral polar helimagnet Ni2InSbO6
Y.Araki,1 T. Sato,1 Y.Fujima,1 N.Abe,1 M.Tokunaga,2 S.Kimura,3
D.Morikawa,4 V.Ukleev,4 Y.Yamasaki,4,5 C.Tabata,6 H.Nakao,7
Y.Murakami,7 H. Sagayama,7 K.Ohishi,8 Y.Tokunaga,1 and T.Arima1,4
1Department of Advanced Materials Science,
University of Tokyo, Kashiwa 277-8561, Japan
2Institute for Solid State Physics, University of Tokyo, Kashiwa 277-8581, Japan
3Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
4RIKEN Center for Emergent Matter Science (CEMS), Wako 351-0198, Japan
5Research and Service Division of Materials Data and Integrated System (MaDIS),
National Institute for Materials Science (NIMS), Tsukuba 305-0047, Japan
6Institute of Materials Structure Science,
High Energy Accelerator Research Organization, Tsukuba 305-0801, Japan
7Condensed Matter Research Center and Photon Factory,
Institute of Materials Structure Science High Energy Accelerator
Research Organization, Tsukuba 305-0801, Japan and
8Neutron and Technology Center, Comprehensive Research
Organization for Science and Society (CROSS),Tokai 319-1106, Japan
(Dated: December 10, 2019)
1
Abstract
Magnetic-field effect on the magnetic and electric properties in a chiral polar ordered corundum
Ni2InSbO6 has been investigated. Single-crystal soft x-ray and neutron diffraction measurements
confirm long-wavelength magnetic modulation. The modulation direction tends to align along the
magnetic field applied perpendicular to the polar axis, suggesting that the nearly proper-screw
type helicoid should be formed below 77K. The application of a high magnetic field causes a
metamagnetic transition. In a magnetic field applied perpendicular to the polar axis, a helix-to-
canted antiferromagnetic transition takes place through the intermediate soliton lattice type state.
On the other hand, a magnetic field applied along the polar axis induces a first-order metamagnetic
transition. These metamagnetic transitions accompany a change in the electric polarization along
the polar axis.
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I. INTRODUCTION
Noncentrosymmetric magnets often host non-collinear or non-coplanar spin arrange-
ments, such as magnetic helices, solitons, and skyrmions1,2. For instance, magnetic helix,
cone, Bloch-type-skyrmion lattice, and chiral soliton lattice have been reported in B20-
type compounds3, β-Mn-type Co-Zn-Mn alloys4, and Cu2OSeO3
5 with chiral cubic struc-
tures. Ne´el-type-skyrmion lattice is observed in polar magnets, such as GaV4S8
6, GaV4Se8
7,
and VOSe2O5
8. Furthermore, antiskyrmions appear in magnets with D2d-symmetry
9. The
skyrmion lattices in insulating materials, such as Cu2OSeO3 and GaV4S8 have been found to
accompany the magnetoelectric (ME) coupling10,11. The cross-correlation response attracts
interest in terms of the electric-field control of magnetic structure, in particular topological
magnetic objects.
To explore a colossal ME response with specific spin ordering, magnetic oxides of Ni3TeO6-
type chiral polar ordered corundum structure with a space group R3 may be good candi-
dates12. Ni3TeO6 undergoes an antiferromagnetic transition at 52K
13. Below the Ne´el tem-
perature, the material shows colossal ME effects across two-step spin-flop transitions14–16.
The present study focuses on isostructural Ni2InSbO6, which is obtained by substitution
of In3+ and Sb5+ for one third of Ni2+ and Te6+, respectively. The lattice parameters
are a = 5.2168 A˚ and c = 14.0166 A˚ in the hexagonal notation (we use in the hexagonal
notation in this paper). While Ni moments in Ni3TeO6 are collinearly arranged in the an-
tiferromagnetic phase, Ni2InSbO6 hosts an incommensurate helimagnetic modulation with
a propagation vector q = (0, 0.029, 0) below TN = 76K, according to the powder neutron
diffraction17. The long helimagnetic period suggests that Dzyaloshinskii-Moriya (DM) in-
teraction should be essential for the helimagnetic order. The helimagnetically ordered Ni
planes are stacked along the c-axis in the out-of-phase manner as in Fe3PO4O3
18. Due to
the noncentrosymmetric nature of the underlying crystal structure with both chirality and
polarity, Ni2InSbO6 can exhibit a unique magnetic property and fascinating ME responses.
As reported in Ref.19, DM interaction activated in a C3-symmetry magnet can work differ-
ently from that in polar or chiral magnets. Ni2InSbO6 is a rare example which belongs to
C3 point group and hosts non-collinear spiral spin ordering.
Here, we study physical properties of Ni2InSbO6 by using single crystals. Since a spin
helix shows an anisotropic response to an external field in general, experimental research by
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using single crystalline samples is essential to clarify the multiferroic property of the unique
spin spiral order20. We have found that large pyroelectricity is induced by the helimagnetic
order. Metamagnetic transitions are observed by measurements of magnetization, electric
polarization, and a dielectric constant in high magnetic fields.
II. EXPERIMENTAL
Single crystals of Ni2InSbO6 were grown by the chemical vapor transport method with
use of PtCl2 as the transport agent
21. The c-plane was easily grown, resulting in plate-
shaped crystals. The typical dimensions of obtained crystals were 1-3mm2 in area and
500 µm thick. Polarized light microscopy clarified that they had chiral twins, as reported
in22. Since it was reported that Ni3TeO6, which has a similar structure, hosted composite
domain walls of chirality and polarity23, the measurement of electric polarization along the
c-axis was carried out on a homochiral domain, whose area was 0.74mm2 by the integration
of displacement current measured by an electrometer (6517A, Keithley). Dielectric constants
were measured by using an LCR meter (E4980A, Agilent). Magnetization was measured by a
superconducting quantum interference device magnetometer (MPMS-XL, Quantum Design).
High magnetic-field measurements of magnetization and electric polarization were performed
with use of a pulse magnet at the Institute for Solid State Physics, the University of Tokyo.
Dielectric constant measurements in steady high magnetic fields were performed at the High
Field Laboratory for Superconducting Materials, Institute for Materials Research, Tohoku
University. Small-angle soft x-ray scattering (SAXS) measurements at Ni L3 absorption edge
were performed on BL-16A and 19B, Photon Factory, KEK, Japan. The experimental setup
for the SAXS measurements is schematically shown in Fig. 2(a) (see Refs.24,25 for details).
A plate of Ni2InSbO6 crystal of a thickness of about 300 nm was fabricated by using a
focused ion beam thinning method. The thin-plate sample was put on a Si3N4 membrane
covered by a gold film with a pin hole of 5 µm in diameter as depicted in Fig. 2(b). We used
left-handed circularly polarized and unpolarized x-ray at BL-16A and BL-19B, respectively.
853-eV (Ni L3 edge) soft x-ray was irradiated on the sample and the scattered x-ray near
the transmitted beam was recorded by a charge-coupled detector (CCD) camera. A time-
of-flight neutron scattering measurement was carried out on three crystals aligned on an Al
plate on BL15 in MLF, J-PARC, Japan26. Small- and wide-angle neutron scattering were
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FIG. 1. Temperature dependence of (a) magnetic susceptibility χ, (b) change in electric polarization
∆P , and (c) electric permittivity ǫc along the c-axis at a frequency 100 kHz. A dotted line shows
a magnetic transition at 77K. (d)(e) Temperature dependence of ǫc in magnetic fields of 0T, 2T,
4T, 6T, 8T, 10T, 12T, 15T for (d) H ‖ a∗ and (e) H ‖ c. 18-T data are also added for H ‖ c.
Data are vertically offset for clarity.
recorded by position sensitive detectors.
III. FUNDAMENTAL PHYSICAL PROPERTIES
Figure 1 shows fundamental physical properties of Ni2InSbO6 as functions of temperature
T . Magnetic susceptibility shows an anomaly at TN = 77K. The temperature approximately
agrees with the previously reported magnetic transition temperature17. Weiss temperature
θW is estimated to be −207K and −188K by using the susceptibility data above 150K
(not shown) for magnetic fields H ⊥ c and H ‖ c respectively. The frustration param-
eter |θW/TN| is smaller than 3, implying that the helimagnetic order should not originate
from magnetic frustration but from DM interaction. Figure 1(b) describes that the electric
polarization shows a steep change at around TN superposed on large pyroelectricity purely
due to the polar nature of the crystal. The change in the electric polarization between TN
and the lowest temperature is approximately 2000 µC/m2. This value is almost comparable
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to Ni3TeO6
14 and larger than the typical value of the order of µC/m2 in other multiferroic
materials27.
Figures 1(d) and (e) display temperature dependence of electric permittivity ǫc along the
c-axis around TN in various magnetic fields. A double peak structure is observed around
TN in zero field, as indicated by black triangles, which suggests two-step successive phase
transitions. An in-plane magnetic field H ‖ a∗ shifts the low-temperature anomaly to lower
temperatures. The anomaly becomes less prominent with increasing the magnetic field. In
contrast, a magnetic field along the c-axis only broadens the anomaly, as shown in Fig. 1(e).
IV. SMALL-ANGLE RESONANT SOFT X-RAY MAGNETIC SCATTERING
A SAXS measurement in resonant with Ni L3 absorption edge was performed with the
incident x-ray propagating in the c-direction. Ring-like scattering in the c-plane is observed
at 50K (below TN) after zero-field cooling, as shown in Fig. 2(c). Note that the shadow
of a direct beam catcher is seen at the center of the image. The diffraction disappears
at 85 K (above TN), as shown in Fig. 2(d), suggesting its magnetic origin. Figure 2(e)
shows the intensity profiles along |q| at an azimuthal angle φ = −127.5◦. By pseudo-Voigt
fitting of the profile along the radial direction after zero-field cooling , the position and the
half width of half maximum of the superlattice peak are estimated to be 4.15×10−1 nm−1
and 5.73×10−3 nm−1, respectively. The sharp peak profile indicates the well-defined period
λ = 15 ± 1 nm of the helimagnetic order, which is in accord with the previous report17.
Four-fold like intensity distribution is observed in the azimuthal dependence of the zero-field
cooling pattern, as shown in Figs. 2(c) and 2(f), although Ni2InSbO6 has the C3 symmetry.
This discrepancy may arise from some strain in the thin-plate sample and the boundary
condition of the square-shaped sample, shown in Fig. 2(b). The modulation direction can be
controlled by a magnetic-field cooling. Figure 2(f) compares the intensity profile along the
azimuthal angle φ in zero magnetic field at 50K after zero magnetic field cooling with that
after the sample was cooled from above TN in a magnetic field µ0H = 0.4T in the direction
of φ = 45◦. The scattering intensities around φ ≃ −135◦ and 45◦, which locate along the
field direction, are increased after the field-cooling procedure, while those around φ ≃ −45◦
and 135◦ are decreased. Considering the fact that a magnetic field tends to rotate the
propagation direction of the helix so that the spiral plane becomes normal to the magnetic
6
(c) T = 50 K, ZFC (d) T = 85 K
(a)
q
180 135 90 45 0 45 90 135 180
Azimuthal Angle (deg)
0.3
0.4
0.5
0.6
FC
ZFC
0.35 0.40 0.45 0.50
(nm
1
)q
0.3
0.4
0.5
0.6
FC
ZFC
(e) (f)
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
)
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
)
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
)
(b)
FIG. 2. Small angle resonant soft x-ray scattering of Ni2InSbO6 for the incident x-ray propagating
parallel to the c-axis. (a) Schematic image of experimental setup for SAXS measurements. (b)
Thin plate fabricated by a focused ion beam process on a gold-coated Si3N4 membrane. The doted
line indicates a position of the precise circle shaped pinhole. (c)(d) Diffraction patterns in zero
magnetic field at (c) 50K (below TN) and (d) 85K (above TN). (e) Intensity profiles of x-ray
scattering along the radial direction q at 50K. The intensity is obtained by the integration in
the range of −142.5◦ < φ < −112.5◦. (f) Intensity profiles of x-ray scattering along the azimuthal
direction at 50K for 0.406 nm−1 < |q| < 0.423 nm−1. The inset describes the definition of azimuthal
angle φ. Two Solid lines show magnetic field direction, which is positioned at φ = −135◦ and 45◦.
field direction to maximize the Zeeman-energy gain, the observed field-cooling effect implies
that the helimagnetic order should be nearly proper-screw type. The chiral component of
DM interaction (DM vector parallel to the bond) should be dominant over the polar one
(DM vector normal to the bond).
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V. NEUTRON DIFFRACTION
The effect of a magnetic field on the helicoid is also confirmed by neutron scattering. Fig-
ure 3 illustrates a contour map of the intensity of neutron diffraction on the two-dimensional
reciprocal (hk3) plane. Ring-like scattering is observed around (003) reflection at 60K (be-
low TN) and disappears at 80K (above TN). The ring shape indicates that the direction
of the modulation vector q of helimagnetic order in the bulk sample should be distributed
isotropically in the c-plane. The period of magnetic modulation is estimated to be about
15.7 nm, which agrees with the previous report17 as well as the present SAXS result. The
application of a magnetic field of 6T along the a∗-axis at 60K concentrates the intensity of
the magnetic diffraction along the field (Fig. 3(b)), which is again in accord with the SAXS
result. Figure 3(d) shows the temperature dependence of (003) and satellite intensities at
6T. The (003) intensity reaches the maximum just below TN, and decreases above 80K.
On the other hand, the satellite intensity is decreased with a rise of temperature, and is
almost the same as the background level above 80K. These behaviors well correspond to the
anomalies of dielectric constant in a magnetic field of 6T, as depicted in Fig. 3(e). The sys-
tem may first undergo a magnetic transition to the commensurate layered antiferromagnetic
phase upon cooling and then successively enter the helical phase with a long-wavelength
modulation below 74K.
VI. PULSE MAGNET MEASUREMENT
Figure 4 shows high-field M-H and P -H curves at various temperatures measured by
using a pulse magnet. For H ⊥ c, the M-H curves below TN have a clear anomaly, as
shown in Fig. 4(a). The transition field Hc is approximately 14T at 4.2K, decreases mono-
tonically with a rise in temperature, and disappears above TN, as in the curve at 85K. The
magnetization below Hc is superlinear to the field, which could be featured by soliton lattice
formation, as discussed later. The magnetization in a higher-field phase below TN is linear
to the magnetic field, and the extrapolation to µ0H = 0T remains non-zero (0.17µB/Ni at
4.2K), suggesting that the higher-field phase should essentially have a spontaneous magne-
tization component. The extrapolation value decreases monotonically with an increase of
temperature. ForH ‖ c, a metamagnetic transition takes place with a hysteresis loop, which
8
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FIG. 3. Neutron scattering patterns in the (hk3) plane. Qx and Qy are along a
∗- and b-axes,
respectively. The inset in (c) shows the reciprocal crystal axes in the experimental setup. (a)
Scattering pattern at 0T and 60K. (b) Scattering pattern at µ0H = 6T and 60K. The magnetic
field was applied along the a∗-axis before the sample was cooled down to the ordered phase. (c)
Scattering pattern at 80K (above TN) (d) The temperature dependence of the intensity of (003) and
satellite diffractions described as red squares and blue triangles, respectively. The background level
of satellite diffractions is depicted as a blue horizontal broken line determined by the scattering
intensity at 85K (far above TN). (e) The temperature dependence of dielectric constant in a
magnetic field µ0H of 6T along the a
∗-axis. The vertical dot lines indicate the temperature where
dielectric anomalies appear.
is completely different from the case of H ⊥ c configuration, as shown in Fig. 4(c). The
transition field increases and the hysteresis loop becomes smaller with a rise of temperature.
As in the case of H ⊥ c configuration, the field-induced magnetic transition disappears
above TN.
As shown in Figs. 4(b) and (d), the change in electric polarization shows an anomaly at
the metamagnetic transition. The electric polarization below TN is almost insensitive to
the magnetic field perpendicular to the c-axis in the low-field phase, while in the high-field
9
phase, it shows parabolic dependence on magnetic field. Around TN, the sign of the ME
coefficient is reversed, and the parabolic dependence disappears. The value of ∆Pc at each
temperature in the high field phase is in the order of 10 µC/m2, which is much smaller
than the pyroelectricity at zero-field. The ME effect remains even above TN. The electric
polarization shows quadratic dependence on magnetic field for H ‖ c in both low and high
fields. The typical value is comparable with that in the H ⊥ c configuration. The quadratic
ME effect is observed up to 200K. The sign of the ME effect does not change in the whole
temperature range, which is different from the case of H ⊥ c.
VII. MAGNETIC PHASE DIAGRAM
Based on the dielectric constant, electric polarization, and magnetization data as well as
SAXS and neutron diffraction profiles, we propose magnetic phase diagrams of Ni2InSbO6,
as shown in Figs. 5 (a) and (b). The gray and pink areas indicate the helical and paramag-
netic phases, respectively, as previously reported in17. A small green pocket “A” between
helical and paramagnetic phases is revealed by the dielectric property. The nature of this
phase is still unknown, because SAXS and neutron diffraction intensities are too weak to an-
alyze. The phases displayed by blue and yellow areas are discovered in the present high-field
measurements.
VIII. DISCUSSIONS
We discuss the variations in the magnetic structure of Ni2InSbO6. We assign the low-field
phase in the H ⊥ c configuration below Hc to the soliton lattice phase with modulating
the nearly proper-screw type helicoid (Fig. 4(e)), as signaled in the superlinear M-H curve
(Fig. 4(a)). As shown in Fig. 3(b), the q-direction is aligned nearly along the external field
in Ni2InSbO6 below several tesla. With increasing the magnetic field, the helical structure
is gradually modified in the H ‖ q configuration. In a chiral ferromagnet with uniaxial q,
chiral-soliton lattice can be formed in the H ⊥ q configuration28. On the other hand, the
formation of solitons in a magnetic field is not straightforward in a chiral antiferromagnet.
Above a critical field Hc, weak-ferromagnetic structure should appear as is the case in
BiFeO3
29,30. To explain the emergence of the soliton and weak-ferromagnetic phase in the
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FIG. 4. (a)(c) Magnetization curves at various temperatures in (a) H ⊥ c and (c) H ‖ c con-
figurations. (b)(d) Magnetic-field dependence of the change in electric polarization ∆Pc along the
c-axis at various temperatures in (b) H ‖ a∗ and (d) H ‖ c configurations. Anomalies in the
shaded area at low fields are due to electric noise of the ignition of the pulse magnet. M -H and
P -H curves in (a)-(d) are vertically offset for clarity. (e)-(g) Schematic drawing of the possible
magnetization process in H ⊥ c. For simplicity, polarity-induced uniform DM interaction is ne-
glected. (e) Proper-screw helicoid in zero field. (f) Intermediate soliton lattice state induced by
a moderate magnetic field H < Hc. (g) Weak-ferromagnetic structure in a magnetic field higher
than the critical field Hc.
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H ⊥ c configuration, we take into account an additional alternate DM interaction, because
neither chirality- nor polarity-induced uniform DM interaction can drive the spontaneous
magnetization. In the present system, layers formed by crystallographically non-equivalent
two Ni sites, namely Ni1 and Ni2, stack alternately along the c-axis. Here we consider the
interaction between Ni moments on neighboring layers. In addition to the antiferromagnetic
symmetric exchange, the lack of inversion center allows antisymmetric exchange interactions.
The essential component of the DM vector is along the c-axis, which should alternately
change the value. Here we show alternating component, represented by DM vectors D1
and D2 along the c-axis with the opposite signs to each other, as shown in Fig. 4(g)
31. The
DM vectors make magnetic moments on Ni1 and Ni2 noncollinear if Ni moments are in the
c-plane, while the antisymmetric exchange is inactive if Ni moments are along the c-axis.
Therefore, when the Ni moments are arranged to form layered antiferromagnetic structure,
a uniform canted weak-ferromagnetic component can emerge in the c-plane. This situation
is expected to realize above the critical field Hc, as shown in Fig. 4(g). Here, the weak-
ferromagnetic component roughly orients in the H-direction. When the magnetic field is
reversed, the weak-ferromagnetic moment flips, which should accompany the reversal of the
sublattice moment. At H = 0, on the other hand, the staggered DM vectors induce local
weak-ferromagnetic moments at positions where Ni moments have the c-plane components
on the proper-screw structure. These local weak-ferromagnetic components are along the
q-direction, and bring about sinusoidal modulation in the original proper-screw structure
(Fig. 4(e)). Hence, the application of a magnetic field in the c-plane modulates the sinusoid
(and thus the underlying proper-screw structure) so that the regions which have local weak-
ferromagnetic moment parallel (antiparallel) to the field expand (shrink) to acquire Zeeman
energy gain, resulting in the formation of the soliton structure, as shown in Fig. 4(f).
On the contrary, the isothermal magnetization curve in the H ‖ c configuration is almost
linear below the critical field. The difference between two magnetic field configurations can
be caused whether the local weak-ferromagnetic component is stabilized by DM interaction.
The nature of the observed field-induced magnetic transition in H ‖ c configuration is not
clear in the present stage. Conical structure with the modulation along the c-axis may appear
in a high external magnetic field along c-axis as in Co doped Ni2ScSbO6
32. Another possible
scenario is that a simple canted layered antiferromagnetic structure is induced similarly to
the case of H ⊥ c.
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The temperature dependence of electric polarization is shown in Fig. 1(b). The proper-
screw type helicoid drives considerably large pyroelectricity. To consider the origin of the
ME properties, we take inverse DM mechanism33, exchange striction, and spin-direction
dependent p-d hybridization34 into account. The inverse DM effect cannot work effectively in
proper-screw helicoid. The electric polarization driven by the exchange striction mechanism
∆P exz is expressed as
∆P exz = CSNi1 · SNi2. (1)
The pyroelectricity measurement shows that the antiferromagnetic arrangement between
SNi1 and SNi2 enhances the polarization. Therefore the coefficient C should be negative
if the exchange striction is dominant. In the proposed weak-ferromagnetic structure as
described in Fig. 4(g), Ni1 and Ni2 moments can be represented as SNi1 = (Sx, Sy, 0) and
SNi2 = (Sx,−Sy, 0), where x is the magnetic-field direction and y is set in the c-plane. The
exchange striction is calculated to be C(−S2+2S2x), where S is the value of Ni spin moment.
To calculate the contribution of p-d hybridization mechanism to the electric polarization
in a NiO6 octahedral cluster with 3-fold rotational symmetry, we set six unit vectors e
NiO
ij
along the Ni-O bonds as
eNiO11 =


sin θ1 cosφ1
sin θ1 sinφ1
cos θ1

 , e
NiO
12 =


sin θ1 cos
(
φ1 +
2
3
π
)
sin θ1 sin
(
φ1 +
2
3
π
)
cos θ1

 ,
eNiO13 =


sin θ1 cos
(
φ1 −
2
3
π
)
sin θ1 sin
(
φ1 −
2
3
π
)
cos θ1

 , e
NiO
21 =


sin θ2 cosφ2
sin θ2 sin φ2
cos θ2

 ,
eNiO22 =


sin θ2 cos
(
φ2 +
2
3
π
)
sin θ2 sin
(
φ2 +
2
3
π
)
cos θ2

 ,
eNiO23 =


sin θ2 cos
(
φ2 −
2
3
π
)
sin θ2 sin
(
φ2 −
2
3
π
)
cos θ2

 , (2)
where the index i denotes whether the oxygen positions upward (i = 1) or downward (i = 2)
Ni. The index j denotes 3-fold symmetric Ni-O bonds in the c-plane. The values of φ1, φ2, θ1
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and θ2 are 65.9
◦, 4.5◦, 48.7◦, and 115.9◦ for the Ni1-O cluster and 1.5◦, 54.1◦, 49.2◦, and 120.6◦
for the Ni2-O cluster, respectively17. The change in the electric polarization induced by spin-
direction dependent p-d hybridization mechanism ∆P pdz is given by
∆P pdz ∝
∑
i,j
(SNi · e
NiO
ij )
2eNiOijz (3)
= A(S2x + S
2
y) +BS
2
z (4)
= AS2 + (B − A)S2z , (5)
where A and B are constants. This formula indicates that only the z-component of magnetic
moment can affect Pz. The z-component of magnetization fluctuates around TN. The
Pz value should change when the external magnetic field suppresses the fluctuation and
modifies 〈S2z 〉. The sign of ∆P
ex
z is negative both for H ‖ c and for H ⊥ c while that
of ∆P pdz is positive for H ⊥ c but negative for H ‖ c. The field dependence of electric
polarization is shown in Fig. 4(b) at 70-90K. At lower temperatures, it seems that the change
in electric polarization is dominated by exchange striction mechanism, because Sz = 0 and
thus ∆P pdz ≃ 0 in the field-induced weak-ferromagnetic phase. On the other hand, for H ‖
c, Sz is modified as H is increased and thus ∆P
pd
z 6= 0. The magnetization is approximately
proportional to the field in each magnetic phase. Therefore, the electric polarization driven
by p-d hybridization should show quadratic H-dependence as in the case of the exchange
striction, which agrees with the experimental observation.
IX. CONCLUSION
We have found giant pyroelectricity in Ni2InSbO6 driven by helimagnetic order. A pecu-
liar magnetization curve in the H ⊥ c configuration suggests soliton-like magnetic modu-
lation. We propose that 2π solitons may be created in the canted antiferromagnetic back-
ground. The application of a magnetic field along c-axis triggers a metamagnetic transition
with a hysteresis loop. Further neutron scattering study is necessary to pin down the mag-
netic structure at each phase.
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FIG. 5. Magnetic phase diagrams of Ni2InSbO6 proposed by macroscopic and quantum beam
measurements in configurations (a)H ⊥ c and (b)H ‖ c. A white area which is located between
blue and yellow areas in H ‖ c configuration shows the hysteresis loop (upper and lower points
are obtained in the field-increasing and -decreasing processes, respectively).
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